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ABSTRACT
We conducted a survey of seven magnetic O and eleven B-type stars with masses
above 8M using the Very Large Array in the 1cm, 3cm and 13cm bands. The survey
resulted in a detection of two O and two B-type stars. While the detected O-type
stars - HD 37742 and HD 47129 - are in binary systems, the detected B-type stars,
HD 156424 and ALS 9522, are not known to be in binaries. All four stars were detected
at 3cm, whereas three were detected at 1cm and only one star was detected at 13cm.
The detected B-type stars are significantly more radio luminous than the non-detected
ones, which is not the case for O-type stars. The non-detections at 13cm are interpreted
as due to thermal free-free absorption. Mass-loss rates were estimated using 3cm flux
densities and were compared with theoretical mass-loss rates, which assume free-free
emission. For HD 37742, the two values of the mass-loss rates were in good agreement,
possibly suggesting that the radio emission for this star is mainly thermal. For the other
three stars, the estimated mass-loss rates from radio observations were much higher
than those expected from theory, suggesting either a possible contribution from non-
thermal emission from the magnetic star or thermal or non-thermal emission due to
interacting winds of the binary system, especially for HD 47129. All the detected stars
are predicted to host centrifugal magnetospheres except HD 37742, which is likely to
host a dynamical magnetosphere. This suggests that non-thermal radio emission is
favoured in stars with centrifugal magnetospheres.
Key words: radiation mechanisms:general — stars: massive — stars: magnetic field
— radio continuum: stars
? E-mail: sushma@ncra.tifr.res.in
1 INTRODUCTION
Recent systematic surveys of the magnetic properties of hot
stars (MiMeS and BoB surveys; Wade et al. 2016; Morel et
al. 2014) have revealed a population of O- and B-type stars
hosting significant surface magnetic fields (Petit et al. 2013;
c© 2016 The Authors
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Shultz 2016). These magnetic fields are strong (from a few
hundred to tens of thousands of gauss), organised (mainly
dipolar) and highly stable.
Theoretical models and magnetohydrodynamical
(MHD) simulations have explored the dynamical inter-
action of these magnetic fields with stellar rotation and
mass-loss (e.g. ud-Doula & Owocki 2002; Owocki et al.
2008). Both observation and theory show clearly that the
stellar wind interaction with the magnetic field leads to
wind confinement and channelling, generating a long-lived
circumstellar magnetosphere (e.g. Shore et al. 1990; Babel
& Montmerle 1997). Close to the star, the magnetic
pressure dominates the kinetic pressure of the wind, forcing
the wind to follow closed magnetic field lines in regions
near the magnetic equatorial plane. Far from the star,
the kinetic pressure dominates the magnetic pressure due
to the stronger decline of the magnetic energy density
compared to the wind kinetic energy density. The radius
at which the energy densities become equal is defined as
the Alfve´n radius, which also marks the boundary of the
inner magnetosphere. Beyond the Alfve´n radius, the stellar
wind opens the magnetic field lines and generates a current
sheet in the magnetic equatorial plane. This region is the
middle magnetosphere, where the electrons are accelerated
to relativistic speeds and gyrosynchrotron radio emission is
expected to arise (Trigilio et al. 2004). The gyrosynchrotron
emitting region extent is defined by these wind electrons
returning to the star along the field lines.
Petit et al. (2013) classified the magnetospheres into
two broad physical categories, namely dynamical magneto-
spheres (DM) and centrifugal magnetospheres (CM). This
classification is based on two parameters: the degree of mag-
netic wind confinement characterized by the Alfve´n radius
(RA), and stellar rotation characterized by the Kepler co-
rotation radius (RK). A DM results in the case of a slowly
rotating star (RA < RK). In this case, wind plasma trapped
in closed magnetic loops falls back onto the stellar surface
on a dynamical timescale. A CM occurs in the case of a
rapidly rotating star ( RA > RK). In this case, wind plasma
caught in the region between RA and RK is centrifugally sup-
ported against infall. This results in long-term accumulation
of plasma and consequently higher magnetospheric plasma
density.
In stars with high mass-loss rates, radio emission is usu-
ally produced by thermal free-free emission from the ionised
stellar wind. However, as discussed above, non-thermal syn-
chrotron emission may dominate the radio spectrum in the
presence of magnetic field and relativistic electrons. Elec-
trons can be accelerated to relativistic speeds, either by
magnetic reconnection near the current sheet in the mid-
dle magnetosphere (Usov & Melrose 1992) or through Fermi
acceleration in strong shocks in the inner magnetosphere
(Owocki & Rybicki 1984; Eichler & Usov 1993). Thermal
radio emission, X-ray emission and optical line emission
are produced from the inner magnetosphere, whereas non-
thermal radio emission comes from the middle magneto-
sphere. Hence, non-thermal radio emission probes different
regions of the magnetosphere. In addition, as the emitting
plasma is optically thick at long wavelengths, radio radi-
ation at different frequencies probes the stellar magneto-
sphere at different depths, and from different perspectives
as the star rotates. As a consequence, magnetic stars show
radio flux variability with the stellar rotation period. The ro-
tation modulation in radio emission was first suggested by
Leone (1991) for a rigidly rotating magnetosphere. These
modulations have been observed in the radio light curves of
some magnetic B-A stars (e.g. Bailey et al. 2012; Chandra
et al. 2015) and have been then modeled by Trigilio et al.
(2004); Leto et al. (2006, 2012).
Some numerical simulations (van Loo et al. 2005) sug-
gest that one requires both a magnetic field and a binary
companion to explain the non-thermal radio emission from
massive stars. In these simulations, the synchrotron radia-
tion from single massive stars is produced relatively close
to the star. Due to the large free-free opacity of the stellar
winds at radio wavelengths, radiation emitted too close to
the star will be absorbed (Blomme 2011). When a star has
a massive nearby binary companion (orbital period of a few
days), emission is produced from the wind collision region
where shocks occur, which can escape due to a lower free-free
opacity (van Loo et al. 2005). Thus the observed radio flux
is likely to have a contribution due to the colliding wind in
addition to the star’s magnetosphere and thermal free-free
emission from the star.
Various investigations have been carried out to observe
the radio emission of magnetic A- and B-type stars (e.g.
Abbott et al. 1985; Drake et al. 1987; Linsky et al. 1992).
However, no such studies have been made of the radio prop-
erties of hotter magnetic B- and O-type stars. Bieging et al.
(1989) carried out a Very Large Array (VLA) survey on 88
O-type and early B-type stars, which are not known to be
magnetic. They detected a total of 14 sources at 6cm with six
of them displaying non-thermal radio emission. They con-
cluded that non-thermal radio emission is more common in
very luminous stars.
To homogenize the study of the physics of magneto-
spheres of hot stars, we are carrying out a systematic sur-
vey of the radio emission properties of the known magnetic
O and B type stars at high frequencies using the Karl J.
Jansky Very Large Array (JVLA) and at low frequencies
using the Giant Metrewave Radio Telescope (GMRT). This
paper reports the high frequency JVLA observations. Chan-
dra et al. (2015) reported GMRT observations of 8 mag-
netic B type stars and 3 magnetic O type stars. Out of the
eight B-type stars, five were detected in both the 1390 and
610 MHz bands. The three O-type stars were observed only
in the 1390 MHz band, and no detections were obtained.
This result was explained as a consequence of free-free ab-
sorption by the freely flowing stellar wind exterior to the
confined magnetosphere. The low frequency GMRT survey
thus puts strong constraints on free-free absorption of radio
emission, and combined with high frequency VLA data can
provide a more complete description of the characteristics of
the medium surrounding the star.
In this paper, we present results of JVLA observations
of 18 known magnetic O- and B- type stars with masses
M ≥ 8M. In §2, we describe the observations and data
analysis. In §3, we report the detections and the mass-loss
rates that are calculated from radio fluxes. In §4, we com-
pare the properties of detected and non-detected stars and
explore their properties. In §5, we present our conclusions.
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2 OBSERVATIONS & DATA ANALYSIS
2.1 Sample
The basis for target selection is the complete list of known
magnetic OB stars compiled by Petit et al. (2013). From
this list, we have selected all the stars with mass ≥ 8M and
declination above −40 degrees. This sample consists of seven
O- type stars and eleven B-type stars. The list of targets,
along with their stellar parameters from Petit et al. (2013),
Naze´ et al. (2014), and Shultz (2016), are given in Table 1.
2.2 Observations
The JVLA observations were taken between 2014 March 8
to 2014 August 1 during the 14A semester in the 13 cm (S),
3 cm (X) and 1 cm (Ka) bands. The data were collected in
an 8-bit sampler mode for the S band, and in a 3-bit sampler
mode for the X and Ka bands. Thus the bandwidths for S,
X and Ka bands observations were 2 GHz (frequency range
2–4 GHz ), 4 GHz (frequency range 8–12 GHz ) and 8 GHz
(frequency range 29–37 GHz), respectively. The observations
were taken in VLA A, D and A→D configurations. The du-
ration of each observation, including overheads, in S and X
bands was 30 minutes and 1 hour for the Ka band. For each
observation, a flux calibrator and a phase calibrator were
observed along with the target source. The flux calibrator
was observed once, either at the start or at the end of the
observation. The phase calibrator was observed once every
five minutes for the S and X bands and once every three
minutes for the Ka band observations. Approximately fif-
teen minutes was spent on the target source for S band and
X band observations and thirty minutes was spent on the
target source for Ka band observations.
2.3 Data analysis
All the calibration and data reduction were carried out using
standard tasks in the Common Astronomy Software Appli-
cations (CASA) Package. The initial reduction steps such
as flagging bad data, correcting for atmospheric opacities,
antenna delay solutions and bandpass corrections were done
using the VLA calibration pipeline. In some cases, additional
flagging and recalibration was required after the pipeline cal-
ibration. In such cases, flagging was done manually and the
pipeline was used again to recalibrate the data. The flagged
and calibrated visibility data were used to produce contin-
uum images using the clean algorithm in CASA. Wide-
band effects were taken into account using multi-frequency
synthesis, where two Taylor coefficients were used to model
the sky frequency dependence. All the detected sources were
unresolved at JVLA frequencies. Flux densities on these ra-
dio sources were measured by fitting elliptical gaussian func-
tions to them using the CASA task IMFIT. Both the un-
certainities in the Gaussian fit and the local rms noise were
taken into account for calculating the uncertainity in mea-
sured flux density. The rms noise, flux densities for the de-
tected sources and 3σ upper limits for the non-detections
are included in Table 2.
3 RESULTS
This survey resulted in a total of four detections in the X
band. The detected stars are HD 37742 (O9.5 Ib), HD 47129
(O7.5 III), HD 156424 (B2 V) and ALS 9522 (B1.5 V). Three
of the stars detected in the X band are also detected in
the Ka band (i.e. all except for ALS 9522). Only one of
them, HD 37742, was also detected in the S band. The non-
detections in the S band are probably due to free-free ab-
sorption. This is because, due to the wavelength-squared de-
pendence of the free-free opacity (e.g. Weiler et al. 2002),
the size of the radio photosphere increases with wavelength
resulting in high free-free absorption at S-band frequencies
compared to the X and Ka bands.
3.1 Mass-loss rates
In this section, we estimate the mass-loss rates from our ra-
dio observations, and compare them with the mass-loss rates
calculated from theoretical models which are based on free-
free emission. This may allow us to understand the emission
processes and estimate the thermal versus non-thermal con-
tributions to the radio emission. If the radio radiation is
purely thermal, we would expect that the mass-loss rates
estimated from observations to match those expected from
theoretical models. If the radio emission has an important
non-thermal contribution, then our estimates based on the
thermal emission assumption are likely to be overestimates.
The theoretical mass-loss rates were taken from Naze´
et al. (2014). They used the models of Vink et al. (2000)
as a function of effective temperature, mass, luminosity and
wind terminal velocity. The model assumes that the star
is isolated, neglecting any effects of binarity. They assume
that the atmosphere consists of H, He, C, N, O and Si. The
model takes multiple scattering into account. The theoreti-
cal mass-loss rates correspond to those that the stars would
have in the absence of a surface magnetic field. It treats the
gas in non-LTE (Local Thermodynamical Equilibrium) with
the transfer of radiation computed in an expanding atmo-
sphere. The temperature structure is from the assumption
of radiative equilibrium in a spherically symmetric LTE at-
mosphere. The surrounding medium is also considered to be
smooth. Thus, the realistic situation may be far from this
ideal, resulting in some uncertainties in theoretical mass-loss
rates. However, these uncertainties are likely to change the
mass-loss rate by about a factor of 3 (Krticˇka 2014; Smith
2014), much less than the discrepancies we report in table
3.
We calculated the expected mass-loss rates from our X-
band radio data, assuming the observed radio emission is
purely thermal. The free-free radio flux density Sν in Jy is
related to the stellar mass-loss rate M˙ by: (Bieging et al.
1989).
M˙ =
3.01× 10−6µ
Z(γgffν)1/2
V∞S
3/4
ν D
3/2Myr
−1 (1)
where µ is the mean ionic weight in amu, v∞ is the terminal
velocity in kms−1, D is the distance to the star in kpc, ν
is the frequency in GHz, γ is the mean number of electrons
MNRAS 000, 1–12 (2016)
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Table 3. Theoretical and empirical mass-loss rates of the stars.
Name M˙th
(×10−6M yr−1)
˙Mobs
(×10−6M yr−1)
HD 191612 0.79 < 0.85
NGC 1624-2 0.16 < 3.71
HD 47129 0.06 4.89
HD 108 2.51 < 0.93
HD 37742 1.12 1.25
HD 57682 0.08 < 0.56
HD 149438 0.02 < 0.02
HD 66665 0.006 < 0.47
HD 46328 0.03 < 0.06
HD 47777 0.002 < 0.27
HD 205021 0.002 < 0.03
HD 163472 0.0003 < 0.04
ALS 9522 0.01 0.67
HD 156424 0.003 1.34
HD 3360 0.004 < 0.008
Notes: M˙th is the theoretical mass-loss rate (Vink et al. 2000)
per ion, Z is the rms charge per ion and gff is the free-free
Gaunt factor, given by:
gff = −1.66 + 1.27 log(T 3/2wind/(Zν)) (2)
where Twind is the local temperature (in K) at the radio
photosphere.
Table 3 shows the mass-loss rates derived using the
above procedure. We also list their respective theoretical
mass loss rates. We have listed only 15 of 18 stars, as only
these stars have theoretical mass loss rates reported in the
literature (Naze´ et al. 2014). In the case of the stars that
are in binary systems, the wind from both the stellar com-
ponents have not been considered for evaluating theoret-
ical mass-loss rates, which could create some discrepancy
in the correct estimation of the mass loss rate. In 3 of the
detected stars, we find that for HD4 7129, HD 156424, and
ALS 9522, the mass-loss rates derived from radio observa-
tions are many times higher than those expected from the
theoretical models. This could suggest a significant contri-
bution of radio emission by various mechanisms, e.g. non-
thermal radio emission or radio emission from colliding wind
binary. For HD 37742, the mass-loss rate obtained from radio
observations matches the value obtained using the theoreti-
cal model. This result could be evidence for a thermal origin
of its radio emission. For the non-detected stars, upper lim-
its on estimated mass-loss rates (from 3σ upper limits on
the radio flux) are consistent with the theoretical mass-loss
rates for those stars, i.e. the theoretical model predicts radio
fluxes that are below our detection threshold.
3.2 Detections
Here we discuss the properties of the detected stars and the
nature of their radio emission.
3.2.1 HD 47129
HD 47129 (Plaskett’s star; Plaskett 1922) is a massive bi-
nary system composed of O8 III/I and O7.5 III stars with
an orbital period of 14 days (Linder et al. 2008). A strong,
organized magnetic field was detected in the rapidly rotat-
ing secondary component (with a dipole polar strength of
∼ 2800 G, Grunhut et al. 2013), while the primary is not
known to host a magnetic field. Grunhut et al. (2013) show
that the magnetic star has evidence of magnetic field inver-
sion. This stellar system has been shown to be chemically pe-
culiar, and is a hard, luminous and variable source of X-rays
(Linder et al. 2008). The combination of strong magnetic
field and rapid rotation leads to the existence of a centrifu-
gal magnetosphere (c.f. Petit et al. 2013) surrounding the
secondary star (Grunhut et al. 2013). This is in contrast to
all other known magnetic O-type stars that host dynamical
magnetospheres. HD 47129 is proposed to be a post-mass
transfer (post-Roche lobe overflow) system, which could ex-
plain the observed mass-luminosity mismatch, chemical pe-
culiarity and rapid rotation of the secondary star (Bagnuolo
& Gies 1992; Linder et al. 2008).
To phase the observations of Plaskett’s star, we used
the rotational ephemeris for the magnetic secondary star
reported by Grunhut et al (in prep):
HJD = 2455961.000 + 1.21551 · E. (3)
However, there may be evidence for a period change
(Grunhut et al, in prep). The rotation period of this star was
determined using a combination of magnetic, spectroscopic
and photometric measurements. Grunhut et al. (in prep) ob-
tained 63 magnetic observations of the system, which they
combined with equivalent width measurements of the He
II (λ = 4686A0) and Hβ lines and CoRoT photometry,
to infer the rotation period of the magnetic component,
P=1.21551d. This period is firmly established, and phase
zero corresponds to the phase of maximum longitudinal mag-
netic field. Radio emission is clearly detected in the X and
Ka bands at phases 0.47 and 0.13 respectively, according
to Eq. 3. We cannot unambiguously determine the spec-
tral index of the source using the observations obtained in
the various frequency bands as they correspond to differ-
ent phases. However, due to the larger bandwidth of each
band, we attempted to obtain the intraband spectral index.
For this purpose, we calculated continuum images using the
first half and second half of the band, and flux densities were
determined. The spectral index is calculated to be −1.2±1.0
between sub-bands of X band, i.e. between central frequen-
cies of 9 GHz and 11 GHz. The value of the spectral index in
the sub-bands of the Ka band, i.e. between central frequen-
cies of 31 and 35 GHz, is 0.0±2.5. The observed mass-loss
rate in this case is roughly two orders of magnitude larger
than the theoretical mass-loss rate. This indicates that ra-
dio emission may come from different mechanisms. This star
is in a close binary system (orbital period ∼ 14 days). This
radio emission can be due to thermal free-free emission from
the ionized medium surrounding the individual components
of the binary and non-thermal radio emission from centrifu-
gal magnetosphere surrounding the magnetic secondary star
. In addition, in this close binary system, interacting winds
of the binary system can also give rise to thermal as well as
non-thermal radio emission.
MNRAS 000, 1–12 (2016)
Radio emission from magnetic OB stars 7
3.2.2 HD3 7742
HD 37742 (ζ Orionis A) is the closest O-star in our sample.
It is an O-type binary star is one of the belt stars in the
constellation Orion. It was shown to be a binary system
composed of a O9.5I supergiant and a B1IV star with an
orbital period of 2687 days (Hummel et al. 2013). Bouret et
al. (2008) determined the primary component ζ Ori Aa to be
a 40M star with a radius of 25 R at an age of 5− 6 Myr,
showing no surface nitrogen enhancement and losing mass
at a rate of about 2 × 10−6 Myr−1. The magnetic field of
the primary star is the weakest magnetic field ever detected
on a massive star (∼140 G, Blaze`re et al. 2015). Magnetic
field is not detected on its companion ζ Ori Ab with an
upper limit of ∼300 G. Because the magnetic field and the
rotation rate are weak and the stellar wind is strong, ζ Ori
Aa does not host a centrifugal magnetosphere. However, it
may host a weak dynamical magnetosphere . Although this
star is also well known for its prominent X-ray emission,
Cohen et al. (2014) found that the emission resembles that of
a non-magnetic star in the X-ray domain. This is consistent
with a negligible magnetospheres surrounding ζ Ori Aa.
To phase the observations, we have used the rotational
ephemeris given by Bouret et al. (2008):
HJD = 2454380.0 + 6.829 · E (4)
HD 37742 is detected in the S, X and Ka bands. The
star has higher flux density in the Ka band as compared
to the S and X bands. The intra-band spectral index was
found to be 0.3± 0.3 in the S-band, 0.5± 0.2 in the X-band
and 0.7 ± 0.4 in the Ka band. The positive spectral index
in all bands suggest that the emission has a significant con-
tribution from thermal emission. This star was previously
observed by Lamers & Leitherer (1993) at 3.6 cm and 6 cm.
The reported flux densities are 0.89 ± 0.04 mJy at 3.6 cm
and 0.7 mJy at 6 cm. They concluded that the emission from
this star is thermal using the slope for the spectrum and the
absence of polarization. Comparison with the observed Hα
emission also suggested that the star does not exhibit signif-
icant non-thermal emission at cm wavelengths (Lamers &
Leitherer 1993). In addition, this is the only detected star for
which the values of the observational and theoretical mass-
loss rates are consistent with each other, again suggesting a
thermal origin of the radio emission. This may indicate that
its magnetosphere - expected to be very small - is not con-
tributing significantly to the radio emission from this star.
Though, this star is in a binary system, longer orbital pe-
riod (∼2687 days) suggests that winds of the individual stars
may not be interacting. So, the radio emission is not likely
to come from wind colliding region.
Since thermal emission is likely to be independent of the
rotational phase of the star, we can plot the flux densities at
various frequencies irrespective of their phases. Fig 1 shows
the flux density versus frequency in the S, X and Ka bands.
We have also included the flux densities at 5 GHz and 8.3
GHz from Lamers & Leitherer (1993). The spectral index
is found to be 0.76 ± 0.03, suggesting that the emission is
thermal. The spectral index can be used to infer information
about the steepness of the density gradient. A spectral index
of ∼ 0.6 is expected in the case of a stellar envelope in which
the electron density (ne) is proportional to r
−2, starting
from the photospheric radius up to infinity (Olnon 1975;
Figure 1. Log-log plot of flux density versus frequency for
HD 37742. Flux densities at 5 GHz and 8 GHz were taken from
(Lamers & Leitherer 1993). Blue line is a power law fit to the ob-
servations with a spectral index ∼ 0.7, indicating thermal emis-
sion. The JVLA data points have error bars but the error bars
are smaller than the symbol size. The 8 GHz data from Lamers
& Leitherer (1993) does not have error bars.
Panagia & Felli 1975). Assuming a smooth density profile,
we can obtain the density structure around the star, which
is found to be ne ∝ r−2.2. However, a clumpy medium can
also change the value of the spectral index.
3.2.3 ALS 9522
ALS 9522 (W601) is a B1.5V star and a member of the open
cluster NGC 6611 (Dufton et al. 2006). This star has been
classified as a pre-main sequence star and is an evolutionary
progenitor of a main sequence B star (Martayan et al. 2007).
A magnetic field was detected in this star by Alecian et
al. (2008), implying a dipole field of roughly 4 kG (Petit
et al. 2013). The existence of such a magnetic field in a
pre-main sequence star supports the fossil field hypothesis,
which supposes that the magnetic field is a relic from the
field present in the interstellar medium from which the star
was formed. The star is also known to be a X-ray emitter
(Guarcello et al. 2012). This star was detected in the X-band,
but was not detected in the S and Ka bands. No ephemeris
for this star is available, hence we could not calculate the
phases corresponding to the different observations.
However, the longitudinal magnetic field observations
of Alecian et al. (2008) show strong variability, suggesting
that rotational modulation will be significant.
Out of the detected stars at X-band, this is the only
star which is not detected at the Ka band, which may be
indicative of non-thermal emission. This is supported by the
fact that the observational estimate of the mass-loss rate is
roughly 2 orders of magnitude larger than the theoretical
rate
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3.2.4 HD 156424
HD 156424 is a He-strong B2V star belonging to the Sco
OB4 association (Kharchenko et al. 2004). A magnetic field
was detected by Alecian et al. (2014) in the MiMeS survey,
Further monitoring by Shultz (2016) identified the system
as a radial velocity variable and candidate SB1 star, and
allowed the derivation of a dipole magnetic field strength of
5.4 kG. Of the 4 targets detected in the radio, this is the
only star that has not been detected in X-rays (Naze´ et al.
2014). They derived an upper limit on the 0.5−10 keV X-ray
flux of log(LX) < 29.8 erg s
−1. ud-Doula et al. (2014) carried
out 2D MHD simulations to examine the effects of radiative
cooling and inverse Compton cooling on X-ray emission in
magnetic massive stars with radiatively driven stellar winds.
In their semi-analytic scaling analysis, they estimated the X-
ray flux for this star to be log(LX) = 29.7 erg
−1, which is
compatible with the observational upper limits.
We have used the ephemeris of Shultz (2016) to phase
our observations.
HJD = 2456126.664 + 2.87233 · E (5)
The rotation period of this star was determined using
a combination of magnetic, spectroscopic and photometric
measurements. Shultz et al. (in prep) obtained 11 magnetic
measurements of HD 156424 which they combined with a
dozen high resolution spectra. Both magnetic and Halpha
EW measurements combine to suggest period of 2.8721 d.
The zero-point corresponds to the largest unsigned longitu-
dinal field. This star is detected in the X and Ka bands,
but it was not observed in S-band. The flux density at 33
GHz is higher than the flux density at 10 GHz. However,
this could reflect the slope of the spectral energy distribu-
tion, or it might be due to flux variability between different
phases. In order to obtain an estimate of the spectral in-
dex, we have evaluated the flux densities using the first half
and second half of the X and Ka bands. Evaluated intra-
band spectral indices are −0.5 ± 0.5 and −1.3 ± 2.0 at the
X and Ka bands respectively. The observational estimate of
the mass-loss rate for this star is nearly 500 times the the-
oretical rate, strongly implying an important non-thermal
contribution to its emission.
4 DISCUSSION
In this section, we examine relationships between the mea-
sured radio properties of the detected and non-detected mag-
netic stars and their magnetospheric properties.
Fig 2 shows the location of the observed stars in a
log-log plot of RA/RK vs the effective temperature (upper
frame) and the radio luminosity at 10 GHz (lower frame).
The horizontal line in both the plots at RA = RK shows the
theoretical division between stars hosting centrifugal mag-
netospheres (upper region) and dynamical magnetospheres
(lower region). The distance of a target above the horizon-
tal line characterizes the radial extent of the centrifugal
support, and serves as a proxy for the volume of the cen-
trifugal magnetosphere. We note that all of the detected
stars host centrifugal magnetospheres except for HD 37742,
which likely hosts a dynamical magnetosphere (Blaze`re et
al. 2015). Comparison of mass-loss rates (§3.1) and spectral
Figure 2. Location of magnetic B-type and O-type stars in
a log-log plot of RA/RK vs. effective temperature (top panel)
and radio luminosity (bottom panel). The horizontal line in both
plots shows the division between centrifugal magnetospheres (area
above the line) and dynamical magnetospheres (area below the
line). Blue circles indicate O-type stars and red diamonds indi-
cate B-type stars. Filled symbols indicate radio-detected stars.
The labels refer to ID sequence number listed in Column 1 of
Table 1.
index (§3.2) suggests that the emission from HD 37742 is
thermal. It appears that non-thermal radio emission seems
to favour centrifugal magnetospheres. This is qualitatively
expected, as electrons can be more easily accelerated to rel-
ativistic speeds in the high density plasma of a centrifugal
magnetosphere to produce non-thermal emission (Trigilio et
al. 2004).
Radio luminosities plotted in Fig 2 are calculated from
the radio flux densities in the X band. Upper limits on ra-
dio luminosities were calculated from 3σ upper limits on
flux densities for the non-detections. We attempted to de-
termine if the radio luminosity depends upon the stellar
properties such as effective temperature or magnetic field.
Fig 3 shows the log-log plot of radio luminosity vs. the ef-
fective temperature (upper frame) and the dipole magnetic
field (lower frame). Radio luminosities show no correlation
with effective temperature, nor do they show any relation-
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Figure 3. Location of magnetic O-type and B-type stars in a
log-log plot of radio luminosity vs. effective temperature (top)
and dipole magnetic field strength (bottom). Blue circles indicate
O-type stars and red diamonds indicate B-type stars. Filled sym-
bols indicate radio detections. Upper limits on luminosities were
calculated from 3σ upper limits on flux densities. The labels refer
to ID sequence number listed in Column 1 of Table 1.
ship with magnetic field strength. Among the radio-detected
stars, HD 37742 has very weak magnetic field. The remain-
ing detected stars have magnetic fields of similar strength to
those of the population of undetected stars.
We can compare the radio detections of our sample of
magnetic stars to the VLA survey of 88 non-magnetic OB
stars carried out by Bieging et al. (1989). Those authors
detected a total of 14 sources at 6 cm. They observed non-
thermal emission in 6 of the stars and free-free emission in 8
stars. The criterion used for establishing the nature of radio
emission is the radio spectrum. They looked at the general
shape of spectrum at different epochs, and found that non-
thermal emission was more efficient in optically luminous
stars. However, we did not find any correlation of detections
with their optical luminosities.
Naze´ et al. (2014) studied the X-ray emission of mag-
netic OB stars, which contains all the stars in our sample.
They found that two O stars (HD 37742 and HD 47129) show
distinct X-ray properties, indicating that the main origin of
the X-ray emission is most probably non-magnetic. Both of
these O stars are detected in radio bands.
We discuss the results and properties of O-type stars
and B-type stars from our sample in the following subsec-
tions in detail.
4.1 O-type stars
Two out of seven O-type stars were detected in our VLA
observations. All the O-type stars have dynamical magneto-
spheres except for radio detected Plaskett’s star (HD 47129).
This is not surprising, as all the O-type stars have strong
stellar winds due to their high luminosities, which implies a
rapid stellar spin down due to magnetic braking. As Plas-
kett’s star is in a close binary system, it was probably spun
up due to binary interaction (e.g. Grunhut et al. 2013).
The other radio detected star HD 37742 may host a
weak magnetic field, and may not have much contribu-
tion from the magnetosphere. This has been confirmed as
the comparison of mass-loss rates (§3.1) and spectral index
(§3.2) strongly suggest that the emission from HD 37742 is
thermal.
On the contrary, the mass loss rate of HD 47129 is two
orders of magnitude larger than the theoretical estimate.
This is a close binary system consisting of O-type stars,
with the secondary having a well ordered large scale mag-
netic field. In addition to thermal free-free emission from
the ionized medium surrounding the individual components
of the binary, a centrifugal magnetosphere surrounding the
magnetic secondary star could be a source of non-thermal
radio emission. In addition, in this close binary system, in-
teracting winds of the binary can also give rise to thermal
as well as non-thermal radio emission (Stevens 1995; Pittard
2010). Thus the total radio emission in a close binary will
be due to thermal components from individual stars, as well
as thermal and non thermal component from the colliding
wind region (Pittard 2010). Stevens (1995) investigated the
total thermal flux from colliding wind binaries and found
that it could be about 50% higher than that expected from
the free-streaming stellar wind alone. MHD simulations by
Pittard (2010) have shown that the thermal component due
to the colliding wind will start to dominate at high frequen-
cies ∼ 50 GHz, where as the non-thermal component coming
from the magnetosphere is likely to be absorbed. At lower
frequencies, emission from individual stars will be impor-
tant.
However, if the stars in the binary system have large
separation, the wind interaction is not likely to be effective.
For example, HD 37742 is in a binary system, but with a
much longer orbital period (∼2687 days) and radio emission
is explained well by the free-free emission of the ionized wind
of the star, without any need to incorporate wind interac-
tion.
Binarity remains a fundamental question regarding the
non-thermal radio emission from O-type stars. van Loo et
al. (2005) concluded that non-thermal radio emission from
O stars cannot be explained by wind-embedded shocks, and
is likely to be caused by a colliding wind shock. That would
imply that all O stars with non-thermal radio emission
should be members of binary or multiple system. Of the
16 currently-known non-thermal radio emitting stars, 15 are
confirmed binaries (van Loo et al. 2006), however none of
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them is known to be a magnetic star. In our sample, two of
the detected O-type stars are known to be binaries. How-
ever, only HD 47129 could be in the limit of being classified
as colliding wind binary, with an orbital period of ∼14 days.
Other binary stars have much longer orbital periods, indi-
cating large binary separations. Simultaneous observations
of HD 47129 at different frequencies are required to under-
stand if the emission is thermal or non-thermal, and to in-
vestigate any relationship with the binary properties of the
system. Observations on a larger sample of O-type stars may
shed more light on correlation of binarity with non-thermal
radio emission.
The spectral index measurements may also be able to
throw light on radio emission mechanism. We estimate a
spectral index α ranging from −0.2 to −2.2, between 9–
11 GHz frequencies. If the radio emission from HD 47129
is purely non-thermal, the lowest expected flux density at
3 GHz is about 0.26 mJy using α = −0.2. Linsky et al. (1992)
estimated the minimum flux density to be about 50% of
the maximum (typically for MCP stars) for oblique rota-
tors, if the radio emission is modulated. Thus one should
have expected a flux density of ∼ 0.13 mJy at 10 cm, eas-
ily detectable at JVLA sensitivity. Thus the non-detection
of HD 47129 at 10cm suggests that a significant contribu-
tion may come from the wind-wind interaction in this close
binary system.
We have searched the literature for single O-type stars
that are thermal radio sources from the literature. While
their numbers are handful, their theoretical mass-loss rates
are in good agreement with mass-loss rates derived from
their radio fluxes (Bieging et al. 1989; Benaglia et al. 2001;
Lamers & Leitherer 1993). The radio luminosities of the de-
tected O-type stars are similar to the upper limits of the non-
detected O-type stars. Hence it is not clear whether the de-
tected O-type stars exhibit radio luminosities that are quite
different from those of the overall population of magnetic O
stars (i.e. the high-luminosity tail of a broad distribution),
or if they represent only marginally brighter examples of a
more uniform distribution. One surprising result is the lack
of any detection of radio emission from NGC 1624-2, the star
with the strongest magnetic field of the sample (by nearly
an order of magnitude). The observations of this star yield
a 3σ upper limit that is similar to that of the other non-
detected O-type stars. Strong absorption by wind created
from mass-loss could explain this.
4.2 B-type stars
Both the detected B-type stars, HD 156424 and ALS 9522,
host a CM and lie above all the non-detected B-type stars
in Fig 2. This implies that both the detected stars have a
larger radial extent of centrifugal support of magnetospheric
plasma compared to the non-detected stars.
The detected B-type stars are significantly more radio
luminous than the majority of the upper limits of the non-
detected B-type stars. In fact, for all but 3 of the undetected
B-type stars, the radio luminosity upper limits are at least
an order of magnitude below the detected stars. This im-
plies that the radio emission properties of the detected stars
are, statistically speaking, very different from those of the
undetected stars.
In the case of the detected B-stars, the implied mass
loss rates are much higher than the theoretical estimates.
Since the detected B stars are not known to be in binaries,
the excess flux is likely to be a contribution from the mag-
netosphere from the magnetic star.
We can compare the radio detections of B-type stars
in our sample to the VLA survey of magnetic chemically
peculiar (MCP) stars carried out by (Linsky et al. 1992).
They have detected a total of 16 out of 61 sources at 6 cm.
They found a wide range of 6 cm radio luminosities for the
detected Bp stars, with log(L6cm) = 15.7-17.9. The detected
B-type stars from our sample have radio luminosities 17.4
and 17.7 at 3 cm. These values lie within the broad range of
MCP stars. They have also found that the radio luminosities
of MCP stars correlate positively with effective temperature
and magnetic field strength. However, no such correlations
were found for the B-type stars in our sample.
5 SUMMARY AND CONCLUSIONS
We have initiated a systematic survey of the radio emission
properties of the known magnetic OB stars, which includes
observations at both high frequencies using the JVLA and
at low frequencies using the GMRT. The project is ongoing.
In this paper we have presented the results of JVLA ob-
servations of 18 magnetic O- and B-type stars with masses
greater than 8 M. The JVLA observations were taken at
random rotational phases in the S, X and Ka bands. We
have detected X band radio emission from 2 out of 7 mag-
netic O-type stars and 2 out of 11 magnetic B-type stars
in our sample. The detected O-type stars, HD 37742 and
HD 47129, are in binary systems.
The detected B-type stars, HD 156424 and ALS 9522,
are not known to be in binaries. Two other O-type stars,
which are known to be in (much longer-period) binary
systems (HD 108, HD,191612) were not detected. Only
HD,37742 is detected in the S band. The general lack of
detections of our targets in the S-band is probably due to
free-free absorption by the free-streaming stellar wind. Three
stars, HD,37742, HD 47129 and HD 156424, were detected in
the Ka band. The radio flux of HD 37742 and HD 47129 in
the Ka band is consistently higher compared with that in
the S and X bands. This can be explained by a dominant
contribution of thermal flux.
Mass-loss rates were estimated for the detected stars
using X band radio flux densities and were compared with
the expected mass-loss rates from the theoretical models.
However, there are some caveats in theoretical prediction
of mass-loss rates as binarity and the presence of magnetic
field were not taken into account. In addition, the theoreti-
cal estimates assume smooth density profiles, while clumping
factors of order 10 are measured in O-type star winds. How-
ever, the clumpiness of the medium is not expected to change
the mass-loss rate by more than a factor of 3 (Smith 2014),
much less than the discrepancy we note. For HD 37742, the
theoretical estimate matches with that of observational one,
suggesting that the radio emission is mostly thermal. The
thermal nature of the HD 37742 radio emission is also sup-
ported by the spectral index we measure. For the remain-
ing 3 stars, mass-loss rates estimated from radio observa-
tions were orders of magnitude higher compared to those
predicted by theory. This may indicate significant contribu-
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tion of the radio emission from other mechanisms than only
thermal free-free emission. In magnetic stars, middle magne-
tosphere can give rise to non-thermal gyrosynchrotron emis-
sion. However, in case of binary systems, the stellar wind
from both the stars may interact and produce thermal and
non-thermal emission. The detected B- stars in our sample
are not known to be in binary system, thus the additional
mass-loss rate is likely to have contribution from the non-
thermal emission of the magnetosphere. However, HD 47129
is a close binary system and emission from colliding stellar
winds could play a significant role.
All the detected stars host centrifugal magnetospheres
except for HD 37742, which hosts a dynamical magneto-
sphere. However, the radio emission of HD 37742 is unam-
biguously thermal. This suggests that non-thermal radio
emission seems to favour centrifugal magnetospheres. In ad-
dition, binary wind interactions may also play a role.
We were unable to evaluate the nature of emission or
variability of radio flux as we have a adopted snapshot ap-
proach to identify the stars that are emitting radio radia-
tion. In order to understand the emission mechanisms and
flux variability over the rotation period, we need to observe
the detected stars simultaneously over all the frequencies.
The detectability of the O-type stars seem to be sensi-
tivity limited. With the upcoming SKA, we expect to achieve
a significant sensitivity and detect a larger fraction of the O
star sample.
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